What initiates the sporadic misfolding process of PrP C remains to be elucidated. Here, we show that rPrP undergoes LPS at the interface of ATPS of polyethylene glycol (PEG)/dextran; also, subsequent liquid-solid phase transition attributed to the maturation of β-sheet structure initiated the spontaneous conversion of rPrP into PrP Sc -like amyloid. The intrinsically disordered region of PrP, residues 23-89, and kosmotropic anions were essential for the overall reaction. As the conversion of the protein proceeds without providing kinetic energy in this in vitro model, the findings suggest that LPS is associated with the occurrence of prion diseases and provide a new understanding of prion emergence.
Introduction
Transmissible spongiform encephalopathies (TSEs), also called prion diseases, are infectious and fatal neurodegenerative diseases with rapidly progressive dementia, such as Creutzfeldt-Jakob disease, in humans (1) . TSEs are characterized by the accumulation of misfolded prion proteins (PrP Sc ), which are cell surface glycoproteins expressed particularly in neurons and well preserved among mammalian species (2) . In the protein-only hypothesis, host-encoded normal isoform of prion protein (PrP C ) converts into a disease-specific isoform, PrP Sc , characterized by resistance to proteinase-K (PK) digestion (3, 4) . This conversion process presumably proceeds via the direct interaction between PrP C and PrP Sc , and PrP Sc is supposedly the sole component of prions (5, 6) . The deposition of PrP Sc leads to devastating neuronal cell death, resulting in characteristic spongiform changes in the brain (7) . Several studies, including our own, have attempted to create artificial PrP Sc from PrP C in vitro. The amplification of PrP Sc has been successfully demonstrated using intermittent ultrasonication on brain homogenate in prion diseases called protein misfolding cyclic amplification (PMCA) (8, 9) . We also showed the ultrasensitive detection of PrP Sc from CSF by amplifying the conversion of recombinant PrP (rPrP) using quaking-induced conversion (QuIC) (10) . These lines of experimental evidence indicate that PrP C can convert into PrP Sc and form amyloid fibrils when PrP Sc exists as a seed. However, the initial step of the spontaneous misfolding process from PrP C to PrP Sc in the absence of PrP Sc remains to be elucidated. PrP C is known to have an intrinsically disordered region (IDR) at the Nterminal region, which is called the octa-peptide region, composed of five repeats of proline-and glycine-rich sequences. IDRs have been indicated to drive the formation of membraneless organelles by LPS (11) . Recently, FUS in familial amyotrophic lateral sclerosis and tau protein in Alzheimer's disease have also been reported to have IDRs; these proteins initiate LPS and a subsequent phase transition driven by the molecular assembly of IDRs (12, 13) . Thus, the aberrant phase transition of amyloidogenic proteins may cause spontaneous protein misfolding. In this study, we examined whether rPrP undergoes LPS by using an aqueous two-phase system (ATPS). We found that rPrP undergoes LPS at the interface of polymer fractions, and phase transition is promoted in a short time. The aged gels of rPrP acquired PK resistance with a βsheet-rich structure, suggesting that our in vitro assay can be a useful model to understand the molecular mechanism of the spontaneous generation of PrP Sc .
Results

rPrP undergoes LPS in ATPS
In general, polymers such as polyethylene glycol (PEG)/dextran are used to induce LPS of proteins, expecting that polymer molecules work as clouding agents by the excluded volume effect (14) . First, we attempted to promote LPS of the full-length of rPrP in a single polymer solution, as previously reported (15) . However, rPrP did not undergo LPS but resulted in salting out with PEG/dextran at concentrations greater than 10% (w/v) (data not shown). We then attempted this with ATPS composed of PEG and dextran because the interface of the polymer may function like a cellular surface (16) . We found that immediately after mixing 10 µM rPrP with PEG and dextran mixture containing sodium thiosulfate (Na2S2O3), droplet formation could be observed at the interface of polymer fractions. Therefore, we postulated that the existence of the interface is an essential factor for the LPS of rPrP. To test this hypothesis, we performed investigations with combinations of various concentrations of polymers because the condition where ATPS could form an interface was clearly defined by the binodal curve (17) ( Fig. 1A ). We experimented with conditions below the binodal curve, with 0-4% (w/v) of each polymer (PEG/dextran); rPrP formed an amorphous aggregation and precipitated at the bottom of the well, but no droplet was observed ( Fig. 1B) . In contrast, under conditions above the binodal curve, with 6-9% (w/v) of each polymer (PEG/dextran), droplets suddenly appeared at the interface of the polymer fraction. Above the binodal curve, the polymer concentration is expected to be high enough to salt out rPrP, but rPrP was not salted out. As a result, the conditions for droplet formation corresponded to the binodal curve of ATPS, suggesting that the interface of ATPS was critical for rPrP droplet formation. The number of droplets changed in correlation with the concentrations of rPrP, suggesting that the droplets were composed of rPrP (Suppl. Fig. 1A, B ). The droplets also formed in a manner dependent on the dose of Na2S2O3 (Suppl. Fig. 1B ). To confirm that the droplets consisted of rPrP, we performed examinations with Alexa 488-labeled rPrP and confirmed that the fluorescence was equally distributed in all of the droplets (Fig. 1C ). We also found that the droplets could be stained by thioflavin T (ThT) immediately after their formation ( Fig. 1D ).
Kosmotropic anion species induce droplet formation
We next investigated the influence of salt type on droplet formation. Previous research reported that droplet size tended to be affected by kosmotropic salts (18) . Thus, we next used various salts to identify the effect of the character of salt on LPS conditions. We hypothesized that kosmotropic anions may induce the assembly of rPrP molecules and promote LPS. Therefore, we investigated the effects of various sodium salts, such as NaCl, Na2S2O3, Na2CO3, Na2SO4, and Na3C6H5O7. As expected, SO4 2− , C6H5O7 3− , and S2O3 2− could induce droplet formation. The sizes of droplets with Na3C6H5O7 and Na2SO4 ranged from 5 to 10 µm, but they grew to around 50 µm with Na2S2O3. The fluorescence intensity of droplets with Na3C6H5O7 and Na2SO4 was weak compared with Na2S2O3 (Suppl. Fig. 2 ). Because the PrP-droplet formation was reproducible at 9% (w/v) of each polymer (PEG/dextran) with 120 mM Na2S2O3, we adopted these conditions for the following experiments.
The droplets of rPrP undergo liquid-solid phase transition
To investigate the character of the droplets, we continuously observed their behavior. First, the fresh droplets could seamlessly fuse with each other while they were floating at the interface and were completely independent of the polymer fraction ( Fig. 2A ), suggesting that droplets were in liquid phase and had different surface tension from PEG and dextran. Confocal microscopic observation revealed that rPrP immediately changed its distribution and turned into droplets at the interface upon the addition of 120 mM Na2S2O3. In addition, PEG fluorescence colocalized in the droplets, suggesting that PEG bound to rPrP ( Fig. 2B ). Next, we analyzed fluorescence recovery after photobleaching of the droplets before and after incubation. Fresh droplets, formed immediately after LPS (0 min), showed full recovery of the intensity within 60 s, whereas the droplets incubated for 1 h at 37°C showed no recovery throughout the observation period ( Fig.  3C, D) . These findings suggest that the rPrP undergoes liquid-solid phase transition. The N-terminal of PrPC (residues: 23-89) drives LPS and droplet maturation The N-terminal region of PrP C is known to be an IDR, whereas its C-terminal consists of a stable secondary structure with three α-helix regions, as revealed by NMR study (19) . Under biological conditions, PrPC is not phosphorylated or methylated but is a GPI-anchored protein with two glycosylation sites ( Fig. 3A ). To determine whether IDRs of rPrP influence LPS, we first calculated its disordered propensity, hydrophobicity, and electric charge (Fig. 3B ). The N-terminal of PrPC (residues: 23-111) is predicted to be an IDR by PrDOS (20) . This region coincides with the positively charged region predicted by EMBOSS and hydrophilic region calculated from Protscale (21) (22) (23) . Given the prediction results and the above findings, we hypothesized that the kosmotropic anion might enhance interactions between the N-terminal regions of the rPrP molecules by neutralizing their positive charges. To elucidate the role of the N-terminal region, we compared the behavior of rPrP and an N-terminal truncated mutant, rPrP ∆ (23-89), in ATPS. As a result, rPrP ∆ (23-89) failed to form droplets, and very weak ThT-positive particle-like precipitates were observed at the interface of the polymer fraction, whereas the droplet of rPrP increased fluorescence intensity over time ( Fig. 3C, D) . These precipitates of rPrP ∆ (23-89) showed no increase in fluorescence intensity throughout the observation period up to 48 h ( Fig.  3E ). Interestingly, quantification of ThT fluorescence intensity showed that there was a significant difference between rPrP and rPrP ∆ (23-89) from the beginning of the reaction (0 min) to the end of the observation period (48 h), suggesting that β-sheet conversion rapidly progressed via liquid-solid phase transition ( Fig. 3F, G) . Full-length mouse rPrP (Mo-rPrP, residues: 23-231) also showed similar results (Suppl. Fig. 3A -D). Thus, this phenomenon is not specific to human rPrP but may be universally applicable among species. Because the rapid growth of ThT fluorescence coincides with the timing of a liquid-solid phase transition (~1 h), we postulated that the droplets rapidly became insoluble and eventually matured to acquire properties of PrP Sc . To verify this, we incubated droplets for 30 min and collected them by centrifugation from the P1 fraction. The gels in the P1 fraction, which is a sequential product of droplets, were ThT-positive and did not dissolve in dH2O (Fig. 4A ). These gels remained stable for months (not shown). To investigate the insolubility, we resuspended the gels in the P1 fraction with 1% sarkosyl and reprecipitated them by centrifugation as the P2 fraction. Western blot analysis showed that the gels were insoluble against sarkosyl ( Fig. 4B ). As for the negative control, namely, samples without the salt (rPrP: dH2O) containing no droplet, all of the rPrP could be recovered from the supernatant, and quantification of band intensity showed no significant difference between with and without sarkosyl ( Fig. 4C ). Next, we examined whether these gels acquire PK resistance. We digested gels aged for 72 h and incubated with PK. Surprisingly, the appearance of aged gels remained unchanged after PK digestion ( Fig. 4D ). SDS-PAGE and western blotting of the aged gels collected by centrifugation showed that the aged droplets certainly contained oligomers of rPrP ( Fig. 4E ). Quantification of band intensity showed that 40% of rPrP remained undigested ( Fig. 4F) . A small PK-resistant fragment with a band shift could be seen around 10-15 kDa, resembling the PMCA product from another study (24) . The existence of the polymers or the salt did not affect the efficiency of PK digestion. We further attempted to confirm that the rPrP in the droplets was amyloid. The aged gels were stained with Congo red but did not show apple-green birefringence under cross-polarized light (Fig. 4G ). FTIR analysis showed that the aged gels had a distinctive peak at 1620 cm −1 in the β-sheet region of second-derivative spectra, which shifted from 1651 cm −1 in the α-helix region from the native form of rPrP ( Fig. 4H) . These results suggest that rPrP converted into β-sheet-rich amyloid inside the droplets and acquired insolubility and PK resistance.
Discussion
Here, we demonstrated that rPrP could undergo LPS under the conditions above the binodal curve of ATPS and that the aged gels became β-sheet-rich, PK-resistant amyloid through liquidsolid phase transition. Notably, IDR, the N-terminal region of PrP C (residues: 23-89), was shown to be essential for the overall reaction. The uniqueness of our study is that the conversion processes proceed without the provision of kinetic energy, unlike PMCA and RT-QUIC (8) (9) (10) . The interface of ATPS and the kosmotropic anions possibly provided the optimal environment for the reaction. ATPS has been used for a wide range of purposes such as purification of enzymes, nucleic acids, and viruses by providing a gentle environment for biomolecules and stabilizing their structure (17, 25) . The effects of various salts on the purification by ATPS have been well documented. For example, salt changes the distribution of monomeric IgG into the PEG fraction, whereas aggregated IgG remains in the dextran fraction (26) . Kosmotropic anions are reported to enhance the migration of positively charged proteins to the PEG-enriched fraction (27) . Thus, kosmotropic anions may affect the N-terminal region of rPrP because this region is positively charged, as shown above (Fig. 3A ). Furthermore, PEG has no significant direct effect on the conversion reaction of PK-resistant PrP (28) . Thus, the combination of ATPS and kosmotropic anions induced LPS of rPrP, whereas the native structure of rPrP was stabilized and polymers worked as appropriate crowding agents. Regarding the effect of the interface, the interface of PEG and dextran was indispensable for LPS of rPrP because the droplets of rPrP appeared exclusively in the conditions above the binodal curve of ATPS. The interface of ATPS may have similar effects as the air/water interface, which reportedly plays an important role in other in vitro amyloid formation methods by partially denaturing protein molecules to make them prone to aggregation (29) (30) (31) . Furthermore, a similar study showed that dsDNA and actin fiber are differently distributed inside the dextran phase, which is called cell-sized aqueous microdroplets (CAMD), providing cell-like crowded microenvironments (32) . Therefore, the interface of PEG/dextran can be regarded as a cellular membrane having different crowding conditions imitating the intra/extracellular environment. However, under physiological conditions, PrP C reportedly interacts with various macromolecules such as RNA and lipids (33) (34) (35) . These molecules may enhance the efficiency of LPS because these previous reports demonstrated that Aβ-oligomer and DNA-aptamer drive a liquid-solid phase transition of PrP through the interaction of residues 95-110 and 90-120 (15, 36) . Consistent with recent studies showing that LPS may participate in spontaneous amyloid formation of FUS and Tau, our data suggest that the aberrant phase transition of protein may initiate the pathogenesis of neurodegenerative diseases (12, 13) . In the process of liquid-to-solid transition, IDR assembles protein molecules and forms a cross-β structure comprising stacks of short β-strands (37) . The N-terminal region of PrP C , which is composed of five repeats of an octapeptide region (PHGGGWGQ), may form a cross-β structure inside droplets. Previous research showed that the length of IDRs is related to the incubation period and protease resistance; furthermore, amyloid fibrils from the N-terminal region (residues: 23-144) are reportedly infectious in mice (38) (39) (40) . Therefore, the N-terminal region of PrP plays an important role in infectious amyloid formation. Thus, the possible conversion process via LPS is that (i) the Nterminal region with a positive charge is neutralized by kosmotropic anion, inducing the direct interaction of dipole (G,Q) and π-π stacking (W) of the octa-peptide region to form a short cross-β sheet structure (41), (ii) the maturation process starts from the N-terminal region, followed by the conversion of the C-terminal region resulting in oligomerization of the β-sheet structure inside droplets. This process may be similar to the in silico calculation model of conversion (42) (Fig 5A,  B) . However, further investigation is required on how the β-sheet structure acquires PK resistance.
In conclusion, we show that a liquid-solid phase transition converts rPrP into PrP Sc -like amyloid in vitro. Our assay is kinetic-energy-free, quantifiable, and visualizes the conversion process over time. Further study should provide new insight to understand the spontaneous occurrence of PrP Sc and a possible way to develop a new quick detection method for prions; ATPS will be useful to analyze the LPS of other membrane proteins.
Materials and Methods
Protein expression and purification
We prepared three rPrPs: full-length human PrP (residues: 23-231), truncated human PrP (residues: 90-231), and Mo-rPrP (residues: 23-231). All constructs were expressed in Escherichia. coli strain DH5α. Expression and purification were performed as previously described (10, 43) . After purification, each protein solution was frozen at −80°C with a 150 µl aliquot and thawed for single use. For use in the experiment, each protein solution was centrifuged at 15,000 rpm for 10 min at room temperature (RT) before use. To prepare labeled protein, Alexa Fluor 488 Microscale Protein Labeling Kit (Invitrogen, A30006) was used. The procedure was performed in accordance with the manufacturer's instructions.
Disorder propensity and charge prediction
Disorder propensity was calculated using PrDOS (18) , and charge prediction was performed using EMBOSS (19, 20) . The amino acid sequence from Uniprot (P04156) was used.
Droplet formation assay (polymer and salt solution preparation)
Polymer solutions were prepared from PEG (M.W. 6000) (Wako) and dextran (M.W. 180,000) (Nacalai Chemical). Each component was dissolved with dH2O and prepared as 50% (w/v) PEG and 25% (w/v) dextran, with storage at 4°C with a 1 ml aliquot. We created a phase diagram by direct observation of polymer droplets using differential interference contrast (DIC) microscopy. PEG-dextran polymer solutions were prepared as 20 µl of solution at concentrations ranging from 1% to 10% (w/v) of each polymer (PEG/dextran). The polymer solutions were vigorously vortexed, and 5 µl of the solution was loaded onto a slide glass, after which the images were acquired. For confocal microscopy observation with fluorescence, 0.01% rhodamine-PEG (Nanocs, PG1-RB-5k) was used. To prepare salt solutions, we made 2 M stocks of NaCl, Na2S2O3, Na2SO4, NaHCO3, and Na3C6H5O7, all purchased from Wako and Nacalai Chemical. Each solution was stored at RT. To make ATPS solution, each polymer solution was mixed at concentrations ranging from 1.5% (w/v) to 13.5% (w/v) with 25 to 200 mM salt (final: 1-9% (w/v) of each polymer, PEG/dextran with 15 to 120 mM salt). Then, the solution was pipetted well with vigorous vortexing to homogeneity. Experiments were performed on a scale of 50 µl (52.6 µl with ThT); 30 µl of ATPS solution was taken and 2.6 µl of 1 mM ThT (final concentration: 50 µM) was added. Next, 20 µl of rPrP solution (final concentration: 2-13 μM) was added to ATPS solution and gently pipetted 10-15 times. The entire solution was applied to a slide glass or 96-well plate (Thermo: 165305) for microscopic observation. Droplet observation was performed by confocal microscopy (LMS700; Carl Zeiss) and DIC microscopy (Axioskop2; Carl Zeiss). To evaluate ThT fluorescence, Colibri 7 was used as a luminous source at a wavelength of 485 nm. For droplet aging, the samples were applied to a 96-well plate or Eppendorf tube incubated at 37°C from 30 min to 72 h. All experiments were performed in triplicate.
Congo red staining
The samples were aged for 72 h at 37°C in ATPS solution, supplemented with 200 µl of dH2O, and pipetted well. The aged gels were collected by centrifugation at 15,000 rpm for 10 min at RT and were stained with 50 µl of 1% Congo red (Aldrich: C8,445-3) solution for 30 min in an Eppendorf tube at RT. After staining, the sample was centrifuged under the same conditions again, after which the supernatant was discarded. The pellet was washed with 50 µl of dH2O by pipetting, centrifuged again under the same conditions, and the supernatant was discarded. The pellet was suspended in 20 µl of dH2O, and 5 µl was applied on a slide glass, followed by sealing with a cover glass. Microscopic observation was performed by confocal microscopy (Nikon) with a polarization filter. Images were acquired using NIS-Elements C software.
Fluorescence after photobleaching assay FRAP was performed using LMS700 (Zeiss). Alexa488-labeled human rPrP was diluted 1:18 with native human rPrP. Bleaching was performed with 100% transmission of a 405, 488, or 500 nm laser. Pre-bleaching images were taken for 3 s (1 s frame rate, 3 frames), whereas postbleaching images were acquired for the following 120 s (1 s frame rate, 120 frames) and analyzed with ZEN. The sizes of the bleached area and the background area were set in the first experiment. For each image, the bleached region and background region were calculated by ZEN, and the background was subtracted during analysis. Sarkosyl treatment and proteinase K treatment Sarkosyl and PK were purchased from Sigma-Aldrich. For sarkosyl treatment, the sample was incubated in ATPS solution at 37°C for 30 min, and 200 µl of dH2O was added to the sample and pipetted well. The entire solution was centrifuged at 15,000 rpm for 10 min at RT. Supernatant-1 (S1) and Pellet-1 (P1) were collected. P1 was resuspended with 25 µl of dH2O or 1% sarkosyl and then incubated at 37°C for 10 min. After incubation, samples were centrifuged at 15,000 rpm for 30 min at RT, and then Supernatant-2 (S2) and Pellet-2 (P2) were retrieved. PK solution was prepared as 10 µg/ml diluted with dH2O. The samples were incubated at 37°C for 72 h in an Eppendorf tube. As a negative control, the solution containing the same amount of rPrP was treated with PK solution. The samples and PK solution were mixed by pipetting, applied to a 96well plate, and incubated at 37°C. Observation with DIC microscopy was performed at the beginning of the reaction (0 min) and the end of incubation (30 min). Samples were retrieved from the 96-well plate, and each well was washed with 100 µl of dH2O. The entire sample was collected in an Eppendorf tube and centrifuged at 15,000 rpm for 10 min at RT. The supernatant and pellet were collected. In both experiments, the supernatant was denatured with 6× SDS sample buffer (50 mM Tris-HCl pH 6.8, 5% glycerol, 1.6% SDS, 100 mM dithiothreitol); the pellet was then resuspended with 1× SDS buffer and boiled at 95°C for 10 min for SDS-PAGE. Immunoblotting Samples were applied to 18% acrylamide gel for SDS-PAGE and then transferred to a PVDF membrane. This membrane was blocked using 5%(w/v) skim milk with TBST (10 mM Tris-HCl pH 7.8, 100 mM NaCl, 0.1% Tween 20) at RT for 1 h. To detect PrP, the membrane was incubated with primary antibody R20 (1:1000) (44) diluted with 1% skim milk for 1 h at RT. Horseradish peroxidase-conjugated anti-rabbit IgG (1:10,000, GE Healthcare Life Sciences) was used as the secondary antibody. Protein bands were visualized using Clarity Western ECL substrate (Bio-Rad). Band intensity was measured and quantified by ImageJ. Quantifying ThT fluorescence Fluorescence intensity was quantified with FLUOstar Omega (BMG Labtech) in a 96-well plate with a spiral scan. The 96-well plate was covered with sealing tape (Greiner, J676060), incubated at 37°C, and monitored by the bottom reading of the fluorescence intensity every hour up to 48 h by using monochromators or filters with wavelengths of 448 nm excitation and 482 nm emission.
FITR analysis
Fourier transform infrared spectroscopy (FTIR) spectra were measured with a JASCO FT/IR-4700ST with attenuated total reflection. Five microliters of the sample was loaded on the grid. To prepare the sample for FTIR, we made 30× concentrated sample (aged for 72 h) from 1.5 ml scale to 50 µl. Aged gel was collected by centrifugation, as described above, and suspended in dH2O. (37) ]. As the droplet matures, β-sheet conversion is initiated from IDRs, forming an insoluble gel. Finally, the entire molecule is converted to a β-sheet structure and oligomerized, resulting in proteinase-resistant gel. Yellow green: PEG fraction and PEG molecule. Light blue: Dextran fraction. Red: IDRs of rPrP. Dark blue: constructed region of rPrP including three α-helices. Purple dots: kosmotropic anions. Arrows: β-sheet structure.
